The cell walls of six different species of algae were prepared in highly purified form and their amino acid and amino sugar contents determined qualitatively. A limited number of ninhydrin-positive components was found, implying that the walls contain peptide rather than protein. I n five of the algal walls, those of the Chlorella species, a Scenedesmus and a Lyngbya, there were eight amino acids found in common : aspartic acid, glutamic acid, glycine, alanine, serine, valine, leucine, isoleucine. In addition to these common amino acids, the walls contained sometimes proline or hydroxyproline and different combinations of amino sugar which were characteristic of the species. In the sixth algal wall preparation, that of Nostoc, only five of the eight common amino acids were found along with hydroxyproline. Muramic acid and diaminopimelic acid were found in Lyngbya walls but in none of the others, excepting Nostoc walls which may have contained small amounts of diaminopimelic acid. Carotenoids were found associated with crude wall preparations of some of these algae. The above is taken as evidence for the existence of wall peptide in algae similar to that found in bacteria. This finding strengthens the phylogenetic relationship between the blue-green algae and the other algae, and it raises the possibility that classification of the algae may be aided by knowledge of the chemistry of the wall.
INTRODUCTION
In most investigations of the chemistry of algal cell walls, complex amino acid and carbohydrate patterns have been found and have been ascribed to the existence of protein and mixtures of polysaccharides in the walls. I n those investigations the analyses were performed either on whole algae extracted with water and alkali (e.g. Cronshaw, Myers & Preston, 1958 ; Iriki & Miwa, 1960) or on mechanically disrupted organisms washed with water (Northcote, Goulding & Horne, 1958 . The use of such preparative procedures leaves open the question of whether the walls are intrinsically complex or whether a simpler amino acid and carbohydrate composition is masked by cytoplasmic contamination of the wall preparations. I n comparable studies of the walls of bacteria, water washing was seldom adequate to remove such contamination and more drastic procedures had to be adopted (Salton, 1953 ; Cummins & Harris, 1 9 5 6~) .
In the case of the very complex walls of Gram-negative bacteria, treatment with detergents, phenol and other reagents had to be used to remove some of the wall components and reveal the simpler, underlying mucopeptide (Weidel & Primosigh, 1957 ; Mandelstam, 1961) .
If algal cell walls are as difficult to purify as bacterial walls, then perhaps some of the algal ' wall proteins ' and ' wall polysaccharides ' previously described actually arose from contaminating membranes or from insoluble portions of organelles that could not be removed by centrifugal water washing of extracted whole or punctured organisms. In this case, more extensive washing of algal cell-wall preparations might reveal simple amino acid and carbohydrate compositions. The present work was done to see whether this was the case. A preliminary report of the results obtained has appeared elsewhere (Punnett & Grieg, 1961) .
METHODS
The algae used in this study were obtained from the Algal Culture Collection a t Indiana University and are identified by their I.U. culture collection numbers. They were grown in inorganic media with gas phase air+4yo (v/v) CO, over a fluorescent light source. The culture media had the following compositions (concentrations in mM unless stated otherwise) : for the chlorella species (Emerson-Chalmers medium) KH,P04 1.5, KH,P04 2-5, KNO, 10, MgSO, 6, NaCl 0.5, Ca(NO,), 0.5, FeSO, 2 0 ,~~/ 1 , A,, B, (the A, and B, micronutrient solutions described by Brody and Emerson, 1959) ; for Scenedemnus obliquus (Gaffron medium) K,HPO, 1.0, K,CO, 1.0, NH,NO, 2.5, MgSO, 0-2, NaCl 0.15, Ca(NO,), 0.1, FeSO, 20 ,xM/~., A, B,; for the lyngbya, anabaena, nostoc species; KH,PO, 1.0, tris (OH form) 5.0, Na,CO, 15.0, KNO, 10.0, MgSO, 1.0, Ca(NO,), 0-3, FeSO, 20 ,uM/~. A,, B,.
The algae were harvested by centrifugation and washed several times with 0.05 M-KCl. The washed algae were made to a 50 yo (v/v) or more suspension in water, mixed with three to four weights of glass beads and ground for 15-30 min. in a Virtis homogenizer (Model 23). After the beads settled out, the suspension of broken algae was decanted, the beads washed several times with small samples of distilled water and the washes pooled with the broken algae. This suspension was centrifuged for 10min. at 8000 to 10,OOOg and the supernatant fluid discarded. This degree of centrifugal force was needed to sediment the cleanest walls. The pellet, which contained some whole algae, the broken algae and other cellular debris, was washed 4 to 8 times with distilled water a t 10,OOOg. It was then washed with M-NaC14 to 6 times. The wall suspensions were next washed with water and then o*lyo Na laurylsulphate 2 to 4 times. The detergent was removed by two water washes. This salt and detergent washing cycle was often repeated 3 to 5 times.
Following this treatment, the crude wall preparation was treated in one of two ways. Some samples were extracted with a 1 +3 mixture of 82 yo (w/v) formic acid + dimethyl formamide at room temperature for 2-4 hr and re-extracted several times with this solvent. They were then water washed and fractionated by highspeed centrifugation as described below. Other samples were fractionated directly without the organic solvent extraction. The crude wall preparations were centrifuged at 20,000g for 45-60 min. in narrow diameter tubes so that the heterogeneous particles were packed into different layers. The top layer was white and loosepacked, while the layers beneath were successively tan, brownish green and green. These layers were removed from €he pellet one a t a time by gently scraping and The amino acid composition of algal cell walls 107 rinsing with distilled water. Care was taken to prevent mixing of the layers. The separate fractions so obtained were refractionated in the same manner two or three times more. The white pure wall fractions obtained in this way were lyophilized and weighed. The yields varied from 2 to 5 mg. dry weight for each 400 mg. dry wt. starting material (about 4 g. wet weight). During the preparation, sodium azide was added to the wall suspensions whenever they were left standing in water to prevent bacterial growth (Cummins & Harris, 1 9 5 6~) .
The criteria for the purity of the wall fractions were: (1) the white colour of the fraction when packed by centrifugation; (2) absence of particulate material inside or around the broken walls when examined microscopically. The brown colour found in some fractions was almost always correlated with the presence of small particles trapped inside the algal walls. These particles showed up especially clearly when viewed with a phase-contrast microscope and in white light phase contrast frequently took on a different hue from that of the walls.
For amino acid analysis, 3-5 mg. samples of the pure walls were hydrolysed in 5-6 N-HC~ for 18 hr. The hydrolysates were dried in vacuum over P,O, and NaOH, taken up in water and re-evaporated several times to remove HCl. Qualitative analysis of the amino acids was done by two dimensional paper chromatography with the solvent system 1 of Redfield (1953) developed by ninhydrin +acetic acid at room temperature. In most cases, the solvent methanol + pyridine + water was used in one dimension and phenol+water (Smith, 1960) in the other, to check the identity of the amino acids in the serine, glycine, alanine region of the chromatogram.
RESULTS
Of the ten algae investigated in a preliminary survey, four were found to be experimentally unsuitable. When Anabaena variabilis ( I.U. 394) was broken, the intracellular contents formed a gel which was not dissolved by any procedure except great dilution which resulted in loss of the walls. The walls of Chlamydmonas reinhardii (I.u. 90) proved to be so fine that the wall fraction was lost when attempts were made to remove other organelles by repeated centrifugation. The crude wall fractions of a spirogyra and a cladophora dissolved and were lost when suspended in sodium laurylsulphate, a reagent found necessary in this study if thoroughly clean walls were to be obtained. These difficulties were not insuperable, but in view of the limited amounts of crude wall fractions available and the abundance of more suitable algae, no further attempts were made to purify the walls of these four algae. 
Amino acid composition
In chromatograms of acid hydrolysates of the purified walls, an unmistakable relation between amino acid content and species was found (Table 1) . Considering first the four green algae, eight amino acids occurred in high concentration in all four. These were aspartic acid, glutamic acid, glycine, alanine, leucine, isoleucine, valine and, in lesser amount, serine. In addition to the eight common amino acids, The amino acid composition of algal cell walls 109 each species had no (Chlorella ellipsoida) or one additional amino acid : C. vulgaris, hydroxyproline ; C . p yrenoidosa and Scenedesmus obliquus, proline. The three chlorellas had two or three additional ninhydrin positive components. Two of them were common to the three species: an unknown giving a yellow colour with ninhydrin and glucosamine. The third, galactosamine, was found only in C. vulgaris and C . ellipsoidea. Another major component of C . ellipsoidea walls did not appear on the unheated chromatogram until 4-6 months after the ninhydrin treatment.
Of the two blue-green algae studied, the walls of lyngbya had the same ' 8 x X' pattern as found in the green algae. In addition to the 8 common amino acids listed above, these contained diaminopimelic acid (DAPA) and proline. Another ninhydrin positive unknown was found near alanine. This compound was probably muramic acid which has already been reported as a component of the walls of the closely related blue green phormidium (Frank, Lefort & Martin, 1962) , and of microcoleus (Salton, 1964) . In one preliminary experiment, the walls of nostoc were found to be different from the others in that they did not have the same 8 + X pattern of amino acids. Only six of the 8 'common' amino acids were found: leucine and isoleucine were apparently absent and serine was present in greatly reduced amounts; hydroxyproline was present with traces of lysine (DAPA ?) but muramic acid was definitely not present in this alga. Also included in Table 1 are the amino acids found in the walls of platymonas by Lewin (1958) because, despite the lack of resolution of leucine/isoleucine and valine/ methionine by the method used, the similarity to the amino acid distribution patterns found in the present work is striking.
The amount of serine found in the wall hydrolysates of all these organisms was always roughly half that of the other major components to judge by the intensity of the colour of the spot on the chromatogram compared with standard chromatograms.
Minor components
When the amino acids designated 'minor components' in Table 1 were found, they were always present in much smaller amounts than the major components. They were variable constituents of the different wall preparations, both qualitatively and quantitatively, and were sometimes entirely absent. Impure wall preparations were always found to contain these minor components. In one series of experiments, samples of impure wall preparations of scenedesmus and lyngbya were analysed before and after successive washes with formic acid + dimethyl formamide. The maj or components were qualitatively and quantitatively unaffected by these washings but the minor components were removed. These observations lead to the conclusion ,that the minor amino acids probably arose from protein contamination and were not part of the wall itself. Critical evidence ruling out the possibility that they were wall components has not yet been obtained.
Pigments
Carotenoids were associated with walls of several of the algae. This was most easily seen when the preparation procedure was modified as follows. After breakage and extensive water washing, the crude walls were washed with M-NaCl and finally with water. At this stage, the wall fraction prepared from ChZoreZZa pyrenoidosa and Scenedesmus oblipuus were pink while the lyngbya and nostoc preparations were orange. These pigments were removed from nostoc and lyngbya walls by shaking them either with 0.1 yo sodium laurylsulphate or formic acid + dimethylformamide.
ChZoreZZa pyrenoidosa walls were not rendered completely colourless by the detergent treatment but the residual pigment was removed with formic acid + formamide or phenol. The crude wall fraction prepared from C. ellipsoidea, the smallest of this group of algae, was usually pale green, probably because of chloroplast fragment inclusions which were not removed by simple washing.
Preliminary evidence about the nature of these carotenoid pigments was obtained from reversed phase paper chromatography (Angapindee, Silberman, Tantivatana & Kaplan, 1958) . The pink pigment from ChZoreZZa pyrenoidosa and the orange nostoc pigment appeared to be carotenols, while the pink scenedesmus pigment and the orange lyngbya pigment were carotenes. This latter orange pigment changed to a pink carotenol during the running of the chromatogram. The only absorption spectra determined were those of the nostoc carotenol which had a single symmetrical band at 467-470mp in methanol, and the lyngbya carotene which had peaks a t 442, 470 and 500 mp in methanol.
These pigments do not seem to have originated from the chloroplast or photosynthetic lamellae. In one experiment, the l0,OOOg supernatant fluid from lyngbya was extracted and the pigments chromatographed and compared to the wall pigment. The pigments from the photosynthetic lamellae were chromatographically different from the corresponding wall pigments.
DISCUSSION
The results obtained in this work of the amino acids found in algal cell walls differ substantially from those obtained in earlier studies. The reason for this difference was probably the preparative technique used, in particular the washing with M-NaCl, which presumably removed nucleoproteins, and with detergent which removed adsorbed protein. Washing these walls with water alone did not yield clean preparations. Another significant difference in preparation was the removal of walls containing contaminating inclusions by centrifugal layering, a technique described by Miller & Phaff (1958) . Unless both these procedures were used, the amino acid pattern obtained showed the degree of complexity expected of a protein hy drolysate.
Because of the relatively simple amino acid composition found in thoroughly washed algal walls, it is clear that they contain peptide but do not contain protein. Some protein was found adsorbed to water-washed walls, as already suggested by Northcote (1963), but it was removed by treatment not likely to break covalent bonds. By contrast, the limited numbers of amino acids found in the walls resisted extraction with detergent, phenol and formic acid + dimethylformamide and were undoubtedly covalently bonded. Simple amino acid compositions such as these were reported previously for walls of platymonas released during cell division (Lewin, 1958) .
It should be noted that these procedures yielded wall preparations which were analogous to those of Cummins & Harris (1956a) in that all easily soluble constituents were removed and only the tough, insoluble wall fraction was analysed. The efforts to remove contaminating membranes and organelles may also have On: Thu, 13 Dec 2018 10:19:56 The amino acid composition of algal cell walls 111 removed loosely bound components of the envelope, such as an outer slime layer. For this reason, the thoroughly washed material which we define as the wall of the alga may represent something less than the complete envelope of the organism. The existence of simple amino acid patterns in cell walls has thus been extended from Gram-positive bacteria (Salton, 1953) to Gram-negative bacteria (Weidel & Primosigh, 1957) and actinomycetes (Cummins & Harris, 19568) to unicellular and filamentous algae. It is tempting to speculate that purified walls of yeasts and fungi prepared in the same way will also be found to possess simple amino acid patterns. In this regard, the amino acid content of the walls of trigonopsis reported by SentheShanmuganathan & Nickerson (1962) were similar to those reported here, in that nine or ten amino acids were present. In addition, Northcote & Horne (1952) found only six amino acids in a saccharomyces wall preparation. These latter results may have been due to incomplete hydrolysis, however, because in later reports from the same laboratory (Korn & Northcote, 1960) 18 to 20 amino acids are reported in yeast walls. Protein was found by Dyke (1964) in nadsonia wall preparations which had been washed with dilute NaCl, which does not dissolve nucleoproteins, but not with detergent. These walls were prepared in such a manner that they would still possess their mannan-protein complex and, in addition, may have had some cytoplasmic membrane contamination. Dyke's experimental criteria for lack of cytoplasmic contamination depended on two assumptions ; that 0-155 M-NaCl removed cytoplasmic protein and that added cytoplasmic protein was in equilibrium with broken cell walls. The first ashmption would not have been valid if nadsonia walls are as difficult to purify as algal walls and the second assumption is not likely to have been correct because the walls of the freshly broken cells must already have had membranes tightly adsorbed to them. Since these are among the most extensively washed yeast walls that have been analysed, it is clear that a simple amino acid pattern will not be found in yeasts, if it exists, unless more drastic procedures are used to purify them. The amino acid composition of yeast walls will be further complicated in those many cases in which protein-polysaccharide complexes (Falcone & Nickerson, 1956) or enzymes (Wilkes & Palmer, 1932) are located in the wall itself.
The pattern of the distribution of amino acids in algal walls was surprisingly regular. The finding that eight amino acids were common to three chlorella species, a scenedesmus and a lyngbya is reminiscent of the situation found in the Gramnegative bacteria in which all genera have the same amino acids in the walls. The distribution of amino acids in algal walls is also similar to that found in the walls of Gram-positive bacteria in that the amino sugars and the amino acids other than the common eight were characteristic of genus and species. It may be that there is a common basal structure in the walls of algae, except for some blue-green algae (see below), as has been proposed for bacteria . The hope that the minor variations in this regular pattern can be used as an aid in classifying the algae is premature, because examples of only five or six species have been studied. Furthermore, the only amino acids found so far, in addition to the common eight, have been proline and hydroxyproline : enough to distinguish only four species. Lewin's finding of arginine and threonine in platymonas walls (1958) suggests that other patterns will be found.
The failure to find diaminopimelic acid (DAPA) in the chlorella species was rather surprising in light of the report of its presence in Chlorella ellipsoidea (Fujiwara st Akabori, 1454) which was confirmed by Hoare & Work (1957) . Perhaps the DAPA is present in chlorella only as an intermediate in the biosynthesis of lysine (Vogel 1959) rather than as a wall component. The contrast between the unusual amino acid distribution and the presence of unknowns reported in this study and the conventional distribution found by Fowden (1954) and by Wagner (1962) in their studies of algal amino acids was to be expected, however, because these authors examined the extractable amino acids in the algae, and in some instances discarded the wall fraction. The two blue-green algae examined have already provided evidence of heterogeneity even though the nostoc results are preliminary. DAPA, muramic acid and the common eight amino acids were present in lyngbya, but muramic acid was not found in nostoc. Nostoc did contain proline and traces of lysine or possibly DAPA while serine, leucine and isoleucine appeared to be missing from the common eight. The absence of muramic acid and possibly DAPA from nostoc distinguishes this organism from the other blue-green algae which have been examined. The significance of this finding, if confirmed, is that the phylogenetic relation between the blue-green algae and the bacteria is not so clear and simple as has been claimed. When first DAPA (Work & Dewey, 1953) and then muramic acid (Frank et al. 1962) were found in blue-green algae, these results were taken as confirming the proposed close phylogenetic relation between these groups. The earlier arguments in favour of this relation used by Stanier & Van Niel (1941) were that in both groups there is: (1) lack of organized nuclei; (2) lack of chloroplasts; (3) lack of sexual reproduction. The opposite point of view was presented by Pringsheim (1949) who pointed out that the bacteria and the blue-green algae differ; (1) morphologically (2) in photosynthetic pigments; (3) cytologically; (4) in not showing any striking physiological similarities; (5) in modes of locomotion. Many of the arguments supporting both sides of this question must be modified because of recent developments, especially in the areas of sexual reproduction, cytological fine structure and mechanism of photosynthesis. On balance, recent investigations, with the possible exception of the studies of cell walls, have tended toemphasize the differences between the two groups. The finding in the present work that muramic acid and DAPA are probably absent from the walls of some blue-green algae weakens the argument for close relationship based on cell-wall chemistry. Certainly the flat statement that the blue-green algae stem directly from a bacterial line (Frank et al. 1962) is too strong. The blue-green algae are undoubtedly transition organisms, but they have a closer relation to the other oxygen-evolving photosynthetic algae than they do to bacteria.
The carotenoids found in the crude wall preparations of algae most likely originated in the limiting membrane. That they did not come from the chloroplasts was shown by the evidence given above. They were associated with the walls during the early stages of fractionation and were removed by the detergent wash or by phenol treatment. This conclusion is tentative, however, because there is no way to rule out the possibility of the adsorption of other pigmented organelles to the crude walls. The association of pigments with cell walls of other organisms is known from other studies (Mason & Powelson, 1958; Salton, 1960) . The significance of this pigmented layer around the periphery of some algae is that the photosynthetic action spectra of these organisms will be depressed in the region of carotenoid absorption. Such depressions have often been reported but have been ascribed to the low photosynthetic efficiency of the carotenoids in the chloroplast. This conclusion may have to be modified in cases in which algae with pigmented walls were used. Significantly, the strain of ChZoreZZa pyrenoidosa analysed was very possibly Emerson's strain 3. Unfortunately, there is no evidence from this study which allows an estimation of the proportion of total carotenoids found in the membrane or the absorption it causes.
There are many questions left unanswered in this initial study: the nature of the sugars in the walls, the nature of the unknowns, the configuration of the amino acids and their linkages to the rest of the wall and the overall amino acid and carbohydrate distributions in other algal genera. Until methods for the preparation of larger amounts of pure material are developed, however, progress will be slow. This work was supported by U.S. Public Health Service Research Grants GM 08092-03 and GM 119705-01 from the National Institute of General Medical Sciences.
